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Introduction
The dissolution of solid materials is an area of significant interest 1 across many fields, including the earth sciences, 2, 3 corrosion science, 4 and the life sciences, 5 as well as in chemistry. [6] [7] [8] [9] [10] [11] [12] Studies of the mechanism and kinetics of dissolution processes are important for both fundamental understanding and for various technical applications. This area requires methodologies that can probe dissolution under conditions of high and well-defined mass transport, 13 so that surface kinetics can be extracted free from convolution from mass transport. 13, 14 This means that dissolution experiments must deliver sufficiently high and well-defined mass transport rates that surface kinetics are manifest in the measurement. This paper describes a powerful combinatorial approach for dissolution studies, in which a large number of micron scale measurements are made rapidly on a small area of a single sample surface, for which different portions have been treated in different ways. The focus is on the acid-induced dissolution of dental enamel as an exemplar system, and one which is also of significant interest. Enamel is the hardest mineral found in the human body, 15 forming the outer protective layer of teeth. Its main component is calcium hydroxyapatite (HAP, Ca10(PO4)6(OH)2) which makes up more than 95% of enamel by weight, 16 with the remainder comprised of a matrix of organic molecules, macromolecules and water. 17 Dental enamel is constructed from rods or prisms, each containing a tightly packed mass of HAP nanocrystallites in a highly orientated and organised structure. 18 Once formed, enamel has no vascular or nerve system, and can only regenerate minerals through remineralisation processes in the oral cavity. 19 Conversely, the enamel layer can be affected adversely through acid-induced dissolution processes associated with dental caries or erosion from the modern diet. [20] [21] [22] Acid attack of HAP is reasonably described by the following reaction: 23 Ca10(PO4)6(OH)2 (S) + 8H + (aq) ⇌ 10 Ca 2+ (aq) + 6HPO4 2-(aq) +2 H2O (1) This is the primary process of tooth demineralization: protons react with HAP, which releases Ca 2+ and HPO4 2-ions into the solution, 15, 24, 25 coupled with further solution processes (vide infra).
As highlighted above, to understand the relative contribution of surface processes and mass transport to demineralisation rates, experiments need to be carried out under controlled, calculable, and sufficiently high mass transport conditions. 13, 14, 23, 26 The main approach, with well-defined mass transport, used in studies of enamel and HAP dissolution is the rotating disk (RD) method. [27] [28] [29] [30] [31] [32] [33] However, while RD method it is often restricted to bulk solution measurements which places severe limitations on the time and spatial resolution of the technique. 13 This is particularly detrimental for the investigation of surface treatments that have a transient (temporary) effect, which may be short lived. To elucidate such effects requires methods with high time resolution. In terms of spatial resolution, a number of studies have used high resolution microscopy to study enamel dissolution at the nanoscale 20, 34-41 However, with the exception of scanning electrochemical microscopy, 40 the approaches often have rather low mass transport rates and all require the sample to be exposed to solution for long periods, making it difficult to monitor transient effects on dissolution, such as the influence of surface treatments.
Several treatments have been used to protect enamel from acid dissolution. 42, 43 It is well documented that treatment of enamel with fluoride results in a surface layer of fluoridated hydroxyapatite and fluorapatite [44] [45] [46] [47] which resists acid attack better than natural enamel, 48, 49 thus inhibiting demineralization. 48, 50 The effect of Zn 2+ treatment of enamel also decreases the loss of Ca 2+ and PO4 3-ions from the surface. The binding of Zn 2+ is proposed to lead to the precipitation of an apatite-like phase, and the formation of a zinc complex at the surface of enamel has been suggested. 47, [51] [52] [53] [54] The work presented here employs a new approach for the study of dissolution processes, coupling localized measurements with high and controlled mass transport through the use of SECCM. [55] [56] [57] [58] [59] The aim is to demonstrate the methodology and to gain a better understanding of the acid induced dissolution process on enamel surfaces as well as the effect of treating the enamel surface with zinc and fluoride. Localized dissolution is achieved by confining the experiment to the meniscus of a pipette with a diameter ca.1 µm, and making a series of such measurements, with different exposure times, across the surface. Migration of ions in the probe geometry allows fast surface kinetics can be investigated. 56 In essence SECCM is used as a tool to allow very fine control of the delivery of acid to the enamel surfaces resulting in localized etch pits. These dissolution etch pits are then analysed using AFM and, using a finite element method (FEM) simulation, the intrinsic rate for proton induced dissolution (Ca 2+ release) is extracted. We have presented preliminary data using this method as part of a multi technique approach to elucidate a new treatment for enamel erosion that was presented in a special issue. 60 Here, we apply the technique in much more detail to common treatments of dental enamel, highlighting the spatial resolution of the approach and developing a full theoretical model to quantitatively analyse data.
Experimental details Solutions
All solutions were prepared using resistivity 18.2 MΩ cm (25°C) water (Purite). Etching solutions (50 mM KNO3 and 1 mM HNO3 (Sigma-Aldrich)) were prepared daily (pH 3.3, Denver Instruments UB-10 pH meter). Zinc salt solutions used for enamel pretreatment were made using 1000 ppm of Zn 2+ from ZnCl2 (Sigma-Aldrich). Fluoride solutions for enamel pretreatment were 1000 ppm of F -using NaF (Sigma-Aldrich).
Sample preparation
Bovine enamel samples were received from Unilever as 36 mm 2 area blocks polished to a 3 µm root mean squared (rms) roughness, as measured by AFM (Bruker). The samples were then further polished using diamond lapping particles on a silk polishing pad, starting with 3 µm sized particles and slowly working down to 50 nm (Buehler). The polishing was carried out until a mirror finish was achieved with an rms of 1.5 ± 0.6 nm measured by AFM. Three different treatments were applied to each enamel block, one treatment per section, with rinsing of the sample in Purite water between treatments. To selectively treat a particular section, a low tack polyester tape (3M) was used to protect all but the area of interest, before submerging the sample in the treatment solution for 2 minutes (see Fig 1) . The treatments used were 1000 ppm F -, 1000 ppm Zn 2+ , and a sector of the enamel was also subjected to a combined treatment with F -and Zn 2+ , applied sequentially as depicted in 
SECCM method
The SECCM tips used were fabricated from 1.5 mm diameter borosilicate theta capillaries (Harvard Apparatus) that were pulled to a sharp point using a P-2000 laser puller (Sutter Instruments Co.). After pulling, the tip of the resulting pipette was oval and approximately 800 nm across the main axis. A representative tip is pictured in Fig 2(a) . Each pipette was filled with the etching solution and a quasi-reference counter electrode (QRCE) comprising an AgCl-coated Ag wire was inserted into each barrel.
The SECCM technique was set up as recently described. 59 The pipette was positioned close to the enamel surface using a manual micrometer system (M-461 series, Newport) aided by a digital camera (Pixelink). Fine positioning of the pipette was achieved using a piezoelectric positioner system with a range of 38 µm normal to the substrate, in the z-axis (P-753.3CD positioner, Physik Instrumente) and 300 µm parallel to the substrate in the x-and y-axes (Nano-Bio300, Mad City Labs). A potential of 0.25 V was applied between the QRCEs in the barrels of the theta pipette using a home-built instrument controlled via LabVIEW 2011 and a field programmable gate array card (PCI-783R, National Instruments). An oscillation of 80 nm amplitude was applied to the zposition of the tip, with a frequency of 233.5 Hz, using an external lock-in amplifier (SR830DSP, Stanford Research Systems), and the resulting alternating current (AC) magnitude at the driving frequency was measured and used to inform on the meniscus condition. An approach-hold-withdraw method, as illustrated in Fig 2(b) , was used to carry out local dissolution at the enamel surface with different solution contact times. First, as shown in Fig 2(b)(i) , the z-piezo was used to move the pipette towards the surface and the approach was stopped when the meniscus made contact with the surface (without the pipette itself making contact) as evidenced by a sudden change in the AC value. Typically, a threshold value of one order of magnitude higher than the background AC measured when the tip was in air. 61 The meniscus was held in contact with the surface for a precise period of time (Fig 2(b) (ii)), after which the pipette was rapidly translated away from the surface (20 µm s -1 ), breaking meniscus contact (Fig 2(b) (iii)). The pipette was then moved laterally to the next approach location at a velocity of 1 µm s -1 (taking 5 seconds), in this time the solution in the meniscus retuned to its initial conditions (equilibrium reached in << 1 sec). 59 This procedure was used to prepare an array of local etch features, following the pattern described in Fig 2(c) , which also shows the path of the pipette. The array created in this experiment started with a 1 s meniscus hold time on the surface, and this was increased by 1 s for each subsequent position, up to a total of 16 s. Six arrays were created in each treatment section of an enamel surface and a total of four bovine enamel samples were studied, meaning that 24 separate arrays were created for the four different surfaces. Optical images showing an experiment in progress and an example of the resultant pit arrays are provided in 
Atomic Force Microscopy
The SECCM etch pits were characterized using a Bruker Nano Enviroscope AFM with a Nanoscope IV controller in tapping mode. Tips used were 0.01-0.025 Ω-cm Sb doped Si cantilevers (Veeco). The resultant images were analysed using SPIP 6.0.10 software.
Theory and Simulations
A 3D finite element method (FEM) model was used to extract the acid induced dissolution rate of enamel. The theta pipette presents a symmetry plane perpendicular to the pipette septum such that it was possible to model only half a pipette, for computational efficiency, as illustrated in Figure 4 . Values for the parameters used to describe the theta pipette geometry were typical values obtained from SEM images of the pipette: the major pipette radius perpendicular to the septum (mpr = 440 nm); the minor pipette tip radius parallel to the septum (mptr = 260 nm); septum width (tw = 74 nm), pipette semi-angle (semiang = 2.4°). For simplicity the simulation assumed a planar enamel surface due to the relatively shallow pits formed after etching, especially at the short times. However, the meniscus contact width (mw) that is shown in Figure 4 (a) was adjusted for each experimental time simulated, as informed from AFM data of etch pits. The meniscus height (mh = 300 nm), and the fraction of the potential that falls across the simulation boundaries ( ) were determined by matching the ionic conductance current in the simulation (with an inert substrate surface) to the experimental barrel current of an approach to an inert silicon oxide wafer substrate. 56 The pipette height (ph = 100 µm), which is the height of the tip domain that was simulated, was chosen to be sufficiently large so not to influence the results of the simulation. 59 All simulations were carried out using the FEM simulation software Comsol Multiphysics (v4.3, Comsol AB) with LiveLink for Matlab (R2011a, Mathworks). The Nernst-Planck equation (eq. 2) coupled with the electroneutrality condition (eq. 3) was solved to determine ionic concentration distributions in the pipette and meniscus domains:
where is concentration, is diffusion coefficient, 56 is charge, is ionic mobility (calculated based on the Einstein equation) of species i, F is the Faraday constant, and is the electric field (between the 2 QRCEs). The values used are given in Table 1 . indicates reactions leading to the formation or loss of species i within the field. Species in the solution were always kept at equilibrium, described by the following equations. 
where 1 * and 2 * are acid dissociation constants for H3PO4 and H2PO4 -, respectively, corrected for the ion activity coefficients using MINEQL + (Chemical Equilibrium Modelling System v4.6). In this simulation, convection from the electroosmotic flow was reasonably assumed to be negligible and so was not included because diffusion and migration play a much larger role under the experimental conditions. 58 As the experimental contact times (1-16 s) were much longer than the time needed to reach steadystate in the pipette, it was reasonable to assume steady-state dissolution for the simulation. 56 The initial concentrations for Ca 2+ , HPO4 2-, H2PO4 -, and H3PO4 were assigned to zero in the simulated domain. The bulk concentrations, (i) were maintained at boundaries 2 and 3 ( Figure 4(a) ) with the following equation:
is initial concentration of species i. To simulate the bias, 0 was applied to surface 3 (one barrel), and was applied to surface 2 (the other barrel). 56 At the interface between the meniscus and the enamel surface, represented in 2D (Figure 4 
where n is the inward unit vector and is flux vector of species i, The intrinsic rate constant for dissolution is 0 .
The fractions ( 10 8 ) and ( 6 8 ) represents the stoichiometry coefficients of the acid dissolution reaction (eq. 1). All other boundaries, pipette walls and meniscus sides, were considered to be electrically insulating and have no flux (normal).
Results and Discussion

Etch Pit analysis
Six arrays (each comprising 16 etch pits) were generated on each of the four enamel samples for each treatment. This resulted in 384 etch pits for each of the four treatment conditions, all of which were analysed using AFM. A representative AFM image of an array is shown in Fig 5. There is a noticeable trend towards deeper and wider dissolution pits with increased time. It can also be seen that SECCM dissolution results in highly localised dissolution at the position of meniscus contact with the enamel surface. The volume of the pits for each hold time was averaged across all the arrays and samples to produce Fig 6(a) , which shows pit volume against meniscus contact time for untreated enamel, F -treated enamel, Zn 2+ treated enamel and the combined treatment. These data highlight that the etch pit volume increases with time for all surface types, but the extent of dissolution is greatest for untreated enamel. Treatment of the surfaces inhibits the extent of dissolution, although the difference from the untreated samples was most noticeable at short times. This trend is also evident in the plot of pit depth vs. time (Fig 6(b) ), with the treated surfaces showing much smaller pit depths overall, and for all surfaces the pit depth increasing with time. In order to elucidate quantitative dissolution rates, it was necessary to know the pit diameter (Fig 6(c) ), which relates to the area of meniscus contact. The change in diameter, and thus the area of contact between the meniscus and the surface, was taken into account and inputted into the simulations used to analyse the data i.e. a time dependent meniscus area was considered to ensure that surface fluxes were determined with high accuracy (vide infra, e.g. Figure 8 ).
Overall, the treatments appear to show F -treatment providing more protection of the enamel surface to acid attack than Zn 2+ treatment, with the combined treatment providing the greatest protection. However, at longer times, the treatments are less effective, based on the data in Figure 6 . This is because the treatments only effect the surface layer of the enamel. The treatment does not penetrate substantially into the sample and protect the subsurface; this indicates these surface treatments are suitable if applied regularly. The flux of Ca 2+ (mol cm -2 s -1 ) was determined using the time-dependent pit volume and area (calculated using SPIP 6.0.10 software) to calculate the molar amount of enamel removed (density of enamel is 3.16 g cm -3 , molar mass is 502 g mol -1 ). [15] [16] [17] [18] [19] 63 The average flux for each contact time for the different enamel substrates is shown in Fig 6(d) . Table 2 : Calculated intrinsic rate constants for the different enamel substrates. Error is standard error of the mean (n=384).
All values are statistically different (p < 0.01) analysed by ANOVA and Tukey-Kramer analysis.
Simulations
The model described earlier was implemented to calculate Ca 2+ fluxes as a function of 0 which was varied in the simulations between 1x10 -3 cm s -1 and 7x10 -5 cm s -1 . The ratio of the diameter of contact area (obtained from AFM images of the pits, as described) to the diameter of the pipette was varied between 0.5 and 3. Fig 7 shows measured experimentally (vide infra). It can be seen that protons are significantly consumed at the enamel surface (interfacial concentration ca. 0.1 mM) but that, even with this rate constant, there is some contribution from surface kinetics, which can be determined. The profiles also show that there is some asymmetry in the transport of ions to and from the surface due to the electric field between the 2 QRCEs in the pipette. 56
Fig 7:
The concentration profiles of simulated species and electric potential at the end of the tip using an intrinsic rate constant, k0, of 0.08 cm s -1 .
Determination of dissolution kinetics
A 3-D working plot showing the interfacial calcium ion flux from the enamel surface as a function of the dissolution (acid attack) rate constant and ratio of meniscus radius to pipette radius ratio is shown in Figure 8 . The experimental data yield jCa 2+ , as described above, along with the area of meniscus contact, leaving the kinetic term, k0, which can then easily be determined. This calibration surface was used to derive the rate constant using the experimental results for all four treatment conditions and over all times. The average rate constant for each treatment is shown in Table 2 . The result for the untreated enamel substrate is comparable to that of our previous work, (0.1 ±0.05 cm s -1 ) using a different local method giving great confidence in the technique. 30 In particular, it proves that there are no deleterious issues, for example, from solution that could have been left behind from meniscus contact. As described above, it can be seen that F -treatment is more effective than Zn 2+ , and that the two combined gives the best barrier to acid attack of enamel. This is important new information for the protection of enamel against acid attack. The variation between the rates constants for different treatments was proven to have statistical significance by using one-way analysis of variance (ANOVA) (p = 2.9x10 -9 , 99%).
Conclusions
This study has presented a new method of combinatorial localized dissolution analysis highlighting the ability of SECCM to make multiple, rapid, localized, and independent measurements on a surface, under conditions of highly defined and fast mass transport. Combined with AFM analysis of the resulting etched features, this provides a powerful platform to investigate surface processes. In the present study, by following the dissolution reaction with time, it has been possible to elucidate the efficacy of surface treatments on enamel dissolution, and how this changes during etching. With the additional information provided by FEM modelling, quantitative kinetic information about the surface reaction has been extracted. This method has proven to be particularly powerful for the investigation of dental enamel surfaces, which may show some intersample variability. With this approach herein, a single sample can be subjected to multiple treatments in different locations and their relative efficacy assessed, removing inter-sample effects. A particularly powerful aspect of the technique is that dissolution can be monitored for very short times, which is very beneficial as surface treatments often provide only a thin, transient coating, as shown herein. We expect that this approach could have myriad applications in the future for examining surface coatings and treatments. Although not exploited in this study, it should also be pointed out that dissolution can be monitored via the ionconductance current during meniscus contact 59 which further enhances the capabilities of this technique.
For the systems studied, it has been found that both zinc and fluoride act initially to protect enamel from acid-induced dissolution, with fluoride having the greatest effect, whilst a combination of both treatments provided the optimum protection. This study demonstrates that the method outlined can be used to test treatments in a high throughput, automated approach to test single and multiple (combination) treatments of a surface quickly and effectively.
